Diabetic foot ulcers (DFUs) or diabetic wounds are the major causes of death in patients with diabetes. Curcumin is the principal curcuminoid of turmeric (a member of ginger family), widely used as a dietary spice and coloring agent. Curcumin possesses potent anti-inflammatory, anti-oxidant and anti-infective properties which makes this molecule a worthy candidate for wound healing and other inflammatory diseases. Curcumin has garnered greater attention in the past few decades in treating diabetes and its complications. However, very few studies are available in relation to curcumin as a diabetic wound healing agent with the underlying mechanisms still in the dark. Hence, this paper discusses the possible uses of curcumin in treating DFUs with the corresponding mechanisms at different junctures of diabetic wound healing. This review also summarizes the various in vitro and in vivo studies established/ reported on curcumin in treating DFUs.
Introduction
The World Health Organization (WHO) has published findings suggesting the total number of people suffering with diabetes mellitus (DM) to have crossed 347 million. In 2012 alone, the management of diabetes in the USA raked up a bill of $ 245 billion [1] . People suffering from diabetes have a 25% risk of developing a foot ulcer during their lifetime, half of which get infected, if untreated, results in amputation. Every year, almost 83,000 lower limb amputations are performed due to DFUs, also associated with mortality in some cases [2] . As the number of diabetics increase each year, the burden of treating DFUs also rises in tandem. The average cost for treating infected DFUs is USD 17,000, while a major amputation costs USD 45,000. DFUs are the major cause of deaths in people with DM [3] . DFUs occur as a consequence of multiple pathologies (neuropathy and angiopathy or ischemia) which lead to infections. Current treatment focuses on patient education, early diagnosis and prevention. The current disparity in the health care system is such that noninvasive therapies are less effective and invasive therapies are expensive [4] . None of the existing treatments can fulfill the overall pathological requirements of DFUs and in addition, no single combinational therapy has been approved in treating DFUs till date [5] . Curcumin is obtained from the ginger herb (Zingiber officinale), widely used as a dietary spice and coloring agent. The rhizome is the most commonly used part of the plant in treating many diseases. Of the three curcuminoids present, curcumin (77%) is most prominent (17% demethoxycurcumin and 3% bisdemethoxycurcumin) [6] . Curcumin has been known to possess anti-inflammatory, anti-oxidant, antiinfective, angiogenic and nerve healing properties [7] . Hence, curcumin application in the treatment of DFUs may not only heal the wound, but also synergize the overall wound healing effect through various mechanisms. This paper discusses the possible uses of curcumin in treating DFUs with each of its corresponding mechanisms at different phases of diabetic wound healing. Also, a summary of the preclinical studies performed with curcumin in treating DFUs is included.
Pathophysiology
The etiopathogenesis of DFUs is complex and multifactorial ( Figure  1 ).
Figure 1: Pathophysiological complications in treating DFUs
Diabetic wounds differ from normal, acute wounds in various aspects. DFUs remain static at the chronic inflammation state, when compared to acute wounds. The detailed difference between diabetic and acute wounds is described in Table 1 .
Diabetic Wound

Acute wound
Diabetic wounds are caused by both internal etiology and external injury and refuse to heal if unaided. Acute wounds are caused by a recent injury and usually healed with no treatment.
They can be triggered by injury, but prolonged by other underlying medical conditions. This will speed up the healing process and reduce scarring.
Diabetic wounds become 'stuck' in the inflammatory and proliferative stages of healing which delays closure.
There is rapid progression of acute wounds with the activation of the clotting factors immediate to wound occurrence
The epidermis fails to migrate at the wound margins, which interferes with normal cellular migration over the wound bed.
In general situations, the epidermis migrates to the wound margin upon drying of the fibrin clot Presence of neuropathy and peripheral arterial diseases.
Absence of neuropathy and peripheral arterial diseases.
In Diabetic wounds there appears to be an over production of matrix molecules resulting from underlying cellular dysfunction and disregulation (Debridement) May not be present and depends on extent of injury Debridement is often required more than once as the healing process can stop or slow down allowing further devitalized tissue to develop.
In acute wound, debridement is usually not required as the dried wound generally breaks down upon new tissue formation underneath
The signs of diabetic wound are delayed healing, increased exudates, bright red discoloration of granulation tissue, friable and exuberant tissue, new areas of slough, undermining, pain, malodor and wound breakdown
Most of these signs are absent in acute wound.
Diabetic wound fluid has been found to contain high levels of proteases which have an adverse effect on wound healing by slowing down or blocking cell proliferation in particular keratinocytes, fibroblasts and endothelial cells.
Acute wound fluid supports the stimulation of fibroblasts and the production of endothelial cells as it is rich in leukocytes and essential nutrients. Unlike most diseases and disorders, DFUs will not arise as a result of a single pathological consequence. Among the various factors, neuropathy and peripheral vascular diseases (PVD) are the most common causes of DFUs. Prolonged/excessive glucose deposition in blood leads to the damage of peripheral nerves (peripheral neuropathy). Depending on the type of damaged nerve, neuropathy may be sensory, motor or autonomic. Sensory neuropathy leads to loss of sensation on the surface of the foot [8] . In case of painful sensory neuropathy, drugs like serotonin-norepinephrine reuptake inhibitors, anticonvulsants, tricyclic and tetracyclic anti-depressants are prescribed for the symptomatic relief of pain. In motor neuropathy, imbalance between extensor and flexor muscles leads to the development of abnormal pressure, resulting in callus formation [9] . Autonomic neuropathy contributes to reduced blood supply to the feet ensuing in decreased moisture content, causing the feet to be vulnerable to cracks [10] . Finally, the formed callus (in motor neuropathy) accompanied with sensory loss (in sensory neuropathy) and reduced moisture (in autonomic neuropathy) ruptures and effects the formation of a DFU. Unlike acute wounds (maintained at hemostasis), if DFUs are untreated in the early stages, amputation is the most eventual outcome. The decreased blood supply in PVD further worsens the condition of DFUs.
Physical and Molecular Properties of Curcumin
Curcumin is a bright yellow powder which provides yellow pigmentation to turmeric and generally used as a dye (E100) in the food industry. The powder extract constitutes 75% curcumin, 16% demethoxycurcumin and 8% bisdemethoxycurcumin with a small amount of cyclocurcumin [11] . Chemically, curcumin ( Figure 2 ) is a bis-R-unsaturated-diketone (commonly called diferuloylmethane). It is a poly-phenolic molecule existing in two forms (keto and enol) of which the enol form is more stable in both solution and solid states. This lipophilic molecule has two aromatic rings connected by two unsaturated carbonyl groups and therefore has poor water solubility [12] . The hydrogen bond-stabilized-central hydroxyl group is an important functional site responsible for an array of molecular biological activities. The photosensitive nature of curcumin and poor solubility hinders its therapeutic application [13] . The influence of curcumin in chronic wound healing is attributed to its biochemical effects such as its antioxidant [14, 15] , anti-inflammatory and antiinfective activities [16, 17] . 
Multiple Biological Activities of Curcumin in Various Aspects of Diabetic Wound Healing
Curcumin exhibits multiple biological activities in treating various aspects of DFU complications ( Figure 3 ). The each biological activity with its corresponding mechanism is discussed in this section ( Table  2) . 
Curcumin in diabetic neuropathy (DN)
About 50% patients with diabetes in their lifetime will develop neuropathy. This results due to nerve damage by high blood glucose levels.
Figure 3: Curcumin mechanism of actions in treating DFUs
Curcumin has been reported to exhibit neuro-protective activity in tardive dyskinesia, Alzheimer's disease, epilepsy, major depression and other related neurodegenerative and neuropsychiatric disorders [18] .
The neuroprotective mechanism of curcumin is not clear; however, it has been hypothesized for its anti-inflammatory and antioxidant properties.
The oxidative stress induced by hyperglycemia in peripheral nerves causes activation of the nuclear factor kappa-light-chain-enhancer of activated B cells (NFκB) transcription factor. The generation of NFκB mediated proinflammatory cytokines, including tumor necrosis factor (TNF-α), interleukin (IL)-6, inducible nitric oxide synthase (iNOS) and cyclooxygenase (COX)-2 leads to neuroinflammation-mediated nerve damage. Generation of reactive oxygen species causes the degradation of endogenous antioxidant defenses such as glutathione, uric acid and bilirubin [19] . Osawa and Kato [20] have observed that curcumin inhibits the development of streptozotocin (STZ) -induced DN by antioxidant defenses. Sharma et al. [21] have observed that the combination of resveratrol with curcumin has high efficacy in preventing STZ induced alterations in sensory and motor functions when compared to resveratrol alone. Similar findings were also observed by Attia et al. [22] when they used the combination of gliclazide and curcumin. Zhao et al. [23] have demonstrated the anti TNF-α activity and nicotinamide adenine dinucleotide phosphate (NADP)-oxidase inhibitory effect of curcumin by which it improves the sensory-motor disturbances of diabetic neuropathy. Joshi et al. [24] have reported that curcumin reduced the expression of proinflammatory mediators such as TNF-α, IL-6 and iNOS through the inhibition of NFκB.
Curcumin in diabetic peripheral vascular disease
Up to 40% of cases relating to the development of foot ulcers has been reported to be due to PVD [25] . It mainly affects the peroneal and tibial arteries of the calf. The persistent hyperglycemic state leads to the endothelial cell dysfunction and smooth cell abnormalities develop in peripheral arteries [26] . It has been reported that the resulting decrease in endothelium-derived vasodilators causes vasoconstriction. The hyperglycemic state in diabetes results in an increase in thromboxane A2, a platelet aggregation agonist and a vasoconstrictor which in turn increases the risk of plasma hypercoagulability [27] . There is also the potential for alterations in the vascular extracellular matrix (ECM) which leads to stenosis of the arterial lumen. The other factors involved in the development of peripheral arterial disease in diabetic patients are hypertension, hyperlipidemia and smoking [28] . Cumulatively, this leads to occlusive arterial disease which results in an increased risk of ulceration and ischemia in the lower extremities of diabetic patients. The atherosclerotic plaques that occur in patients with diabetes are no different than those occurring in non-diabetics; in both, such plaques are composed of deposits of cholesterol. Curcumin has been reported to be active against diabetic PVD in many studies. Curcumin modulates the expression of protein kinase C (PKC)-, PKC-2, and mitogen-activated protein kinase (MAPK) in experimental diabetic cardiomyopathy [29] . It suppressed the accelerated accumulation of advanced glycation end-product (AGE) collagen and cross-linking of collagen in the tail tendons of diabetic rats by inhibiting vascular endothelial growth factor (VEGF), NF-B, and activator protein-1 (AP-1) [30] . Curcumin reduced both endothelial nitric oxide synthase (eNOS) and iNOS levels in high glucose stimulated microvascular endothelial cells of diabetic rat hearts [31, 32] . It improved the endothelial cell dysfunction and PKC inhibition by its antioxidant activity in STZ-induced diabetic rats and mice [33, 34] . It also improved the diabetes-induced vascular dysfunction by inhibiting COX-2, NF-B, and PKC activity in STZ rats [35] . Curcumin enhanced deregulated vascular contractility by reducing TNF-and aortic Reactive oxygen species (ROS) by inducing heme oxygenase (HO-1) in diabetic rats [36] .
Curcumin in diabetic foot infections (DFIs)
Diabetic patients commonly suffer with foot infections which are associated with a high mortality rate, aside from a risk of lower extremity amputation. These infections are mostly caused by grampositive bacteria, such as β-hemolytic Streptococci and Staphylococcus aureus (S. aureus) while being divided into three categories i.e., mild, moderate, and severe. Diabetic patients are prone to infections of the foot which produce severe effects in them and cause deep infections of the bone. Aerobic gram-positive bacteria are the most common pathogens of acute foot infection in diabetic patients, particularly βhemolytic streptococci (group A, B, and others) and S. aureus, whereas anaerobic bacteria are usually a part of mixed infections in patients with foot gangrene or ischemia [37] . Methicillin-resistant S. aureus (MRSA) is a more common pathogen in patients who have recently received antibiotic therapy or who have been previously informed in a hospital. Because of the increasing prevalence of MRSA in the community, the risk of contracting this infection is high [38] . The broad-spectrum antimicrobial activity of curcumin has been evidenced by several studies. In fact, there are no reported side effects at higher doses (12g/day), proven by clinical trials in humans [39] . Due to prolonged antimicrobial activity of curcumin, it has been used as a structural mannequin for the design of novel antimicrobial agents with modified and increased antimicrobial activities through the synthesis of various derivatives related to curcumin [40, 41] . Even though specifically no in vitro or preclinical studies have been reported on the efficacy of curcumin in treating DFIs, it has proven to be effective in vitro against a wide range of bacteria which are most commonly found in DFIs. For instance, the antibacterial study on aqueous extract of Curcuma longa rhizome demonstrated the minimum inhibitory concentration (MIC) value of 4-16 g/ml and MBC (minimum bactericidal concentration) value of 16-32 g/ml against S. epidermis (ATCC 12228), S. aureus (ATCC 25923), Klebsiella pneumoniae (ATCC 10031), and E. coli (ATCC 25922) respectively [42] . The methanol extract of turmeric has demonstrated MIC values of 16 g/ml and 128 g/ml against Bacillus subtilis and S. aureus [43] . Curcumin also exhibited inhibitory activity on MRSA with MIC value of 125-250 g/ml [17] .
Curcumin as anti-inflammatory
Unlike acute wounds, chronic wounds like DFUs remain static at the chronic inflammatory stage. Curcumin mediated inflection of inflammation occurs by disallowing the production of tumor necrosis factor. Two dominant cytokines liberated from macrophages and monocytes i.e., TNF-α and IL-1 play remarkable roles in the regulation of inflammatory response [6] . A transcription factor NFκB, that modulates many genes which are suspected in the commencement of inflammatory responses can be inhibited equally with the help of curcumin. This transcription factor is provoked by numerous kinases (Protein kinase B (PKB), phosphoinositide 3-kinase (PI3K), I kappa B kinase (IKK)) and curcumin disturbs a variety of the pathways occurred in this event [44] . The down regulation of the assertion of P13K and Protein kinase B (PKB/AKT kinases) are also shown which in turn leads to reduced activation of the NFκB gene and decreases inflammation. It was noticed that the prohibition of NFκB pathway is due to the up regulation in IκB-α protein. Hence, Mohanty et al. [44] revealed that curcumin decreases inflammation at wound sites caused by the stimulation of the NFκB pathway. Conflicting to Mohanty's conclusion, an in vivo study of Kulac et al. reported an increase in inflammatory cell infiltration to burn wounds on rats in curcumintreated groups compared to untreated groups [45] . Curcumin, by decreasing the inflammation response of the wrecked skin, enters into the subsequent stage of healing and thereby promotes the wound healing process.
Curcumin as an anti-oxidant
Free radicals are contemplated to be the prime basis of inflammation in the wound healing process of DFUs [44] . ROS are the products of aerobic respiration which are important in biochemical and cellular processes, including cell progression, apoptosis, intracellular messaging, differentiation, and immunity [46] . ROS are also associated with wound healing, as they are required as an immune system defense against microorganisms. However, human cells get injured due to higher concentrations and prolonged presence of ROS as it develops oxidative stress, which result in inhibition of tissue remodeling [47, 48] . In determining the amount of free radicals, the results obtained by ROS [hydrogen peroxide (H2O2) and superoxide [46] . ROS as a free radical can result in oxidative damage, DNA breakage and enzyme inactivation, leading to lipid peroxidation, all of which inhibit optimum wound healing. ROS is the major cause of inflammation during wound healing activity [44] . Free radicals also mark and spoil proteins in tissues and for this reason they must be satisfactorily tramped. Antioxidant enzymes such as catalase, glutathione peroxidase and superoxide dismutase secure human cells against toxic ROS [49] . Topical application of antioxidants with free radical scavenging potential can appreciably help in wound healing [50] . Kant et al. [51] have studied the antioxidant and anti-inflammatory potential of curcumin and reported an accelerated cutaneous wound healing process in STZinduced diabetic rats. They found that curcumin application increased the wound contraction and decreased the expression of inflammatory cytokines (TNF-α, IL-1β and matrix metalloproteinase-9). Curcumin also increased the levels of anti-inflammatory cytokine IL-10 and antioxidant enzymes, viz., superoxide dismutase (SOD), catalase and glutathione peroxidase.
Curcumin as a proliferative agent
The proliferative phase of wound healing involves granulation tissue formation, collagen deposition, fibroblast proliferation, epithelialization and apoptosis of unwanted cells. Granulation tissue formation, collagen production and deposition are based on the effective infiltration of fibroblasts into the wound bed [52] . Chronic wounds like DFUs fail to heal because of lack of fibroblast infiltration. Various studies have proven that curcumin can effectively infiltrate fibroblasts. Sidhu et al. [53] have detected myofibroblasts at wound sites of STZ induced diabetic mice treated with curcumin. Merrell et al. [54] have observed that curcumin loaded polymeric nanofibers exhibited a significant increase in the rate of wound closure (80%) compared to those treated with control in STZ induced diabetic mice model. Kant et al. [53] have demonstrated that curcumin demonstrates acceleration in wound healing with marked collagen synthesis and fully regenerated epithelial layer in STZ induced diabetic rat model. In an another study, the same authors found improved neovasculogenesis in curcumin treated STZ induced diabetic rats by the increased expressions of VEGF, TGF-β1, hypoxia-inducible factor (HIF)-1α, stromal cell-derived factor (SDF)-1α, and HO-1 [55] .
Conclusion
On the whole, curcumin was found to exhibit various biological activities in treating DFUs via various mechanisms such as inhibition of activity of matrix metalloproteinases and proinflammatory cytokines (TNF-α, IL-1β; decreased inflammation and ECM degradation). It also inhibits mitogen activated protein kinases and suppression of lectin-like oxidized low density lipoprotein receptor-1 (LOX-1) up regulation (decreased nerve damage). Curcumin increases the levels of anti-oxidant enzymes (SOD, Glutathione peroxidase (GPx)) (decreased oxidative stress) and eNOS (decreased vascular occlusion). It also increases the levels of HO-1, VEGF, TGF-β1 (promote angiogenesis) and SDF-1α, HIF-1α (vasculogenesis). However, despite these potential biological actions, clinical trials of curcumin are only available for treating diabetic retinopathy, nephropathy and microangiopathy until date. Hence, further studies are required in humans to prove the potential application of curcumin in DFU associated complications. In conclusion, the multiple biological activities of curcumin mentioned here clearly indicate its usefulness in treating various DFU-related complications.
Conflict of Interest Statement
The authors declare that there are no conflicts of interest involved in this study. The authors alone are responsible for the content and writing of the paper.
Source of Funding
This work was financially supported by the Department of Science and Technology (Government of India) under the scheme of INSPIRE Fellowship.
